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Abstract 
Advanced Aerospace alloys are designed to withstand high loads at extreme temperature conditions in their specific applications.
These advanced alloys are more demanding in terms of machinability as their structure and material properties are focused on
improved resistance to dwell crack growth, environmental damage (hot corrosion and oxidation) and creep strain, as well as higher
levels of microstructure stability and high temperature yield stress. Machining of these alloys therefore focuses on high stock
removal rates in roughing processes as well as in high surface finishing rates and good surface finish and surface integrity in finish
machining. High performance machining methods will enable the aero engine manufacturing industry to meet increasing future
requirements supported by an improved understanding of processes and process control factors. In addition to the technical
challenges a number of other elements have to be considered to meet future business requirements, which include robustness of
machining solutions and control of boundary conditions to be met in order to ensure acceptable surface and subsurface conditions in
machining. Modern machine tool concepts, advanced machining processes and methods are key enablers to achieve overall quality
and productivity goals to meet future market requirements. 
 
© 2012 Published by Elsevier BV. Selection and/or peer-review under responsibility of Professor Konrad Wegener  
Keywords: Nickel Alloys; Machinability; Surface conditions; Method of manufacture 
1. Global demand and growth challenge 
Global air traffic growth level is continuously 
growing fast in global scale [1, 2]. It is expected, that the 
number of airplanes in the world fleet will grow at an 
average of 3.6 percent each year Figure 1 shows the 
estimation in global fleet growth until 2030 with 
significant growth in all regions. Major fleet growth in 
numbers is expected in Asia Pacific, but as well in 
Europe, Middle East and North America. These numbers 
reflect a mix of new aircraft and engine demands as well 
as spare part demands on current engine programs in a 
significant scale. In order to cover current and future 
demands in manufacturing a more global supply chain is 
being built up and developed to cope with production 
numbers required and subsequent quality standards to 
ensure flawless deliveries of the demands in the aviation 
industry. The increasing geographical diversity of the
aviation industry underlies this expansion and
significantly increases the industry's resilience to
regional fluctuations. In the engine market global trends
towards longer times on wing, engine performance in
line with more fuel efficient engine designs, customer
expectations towards increasing cyclic fatigue life as
well as cost and weight improvements raise demands
towards advanced materials and highly developed
machining standards in order to ensure robust product
design in hand with advanced manufacturing processes. 
A major task in aero engine manufacturing in order to
enable this level of global growth is a rising demand for
robust machining solutions ensured by a high level of
process control and understanding being implemented
into the processes. Increasing engine orders and program
sizes lead to a strong demand to cost efficient, high
productive machining processes to enable flawless and
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balanced delivery of engine components into the engine 
assembly lines. Modern material flow principles such as 
single piece flow, balanced process load raise demands 
for modern supporting technologies such as integrated 
machine tool concepts, advanced fixturing and on 
machine probing techniques to enable reduced set up 
operations. 
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Figure 1. Growth of number of Aircrafts 2010 - 2030 (Source Boeing 
2011) 
Another requirement is to enable production of high 
value components with strictly validated cutting 
processes in multiple places globally as well as changing 
production sources throughout the long duration of the 
life and production cycle of an aero engine. 
Higher temperatures in the core engine are key 
enablers to meet current and future international 
emission control regulations and therefore raise the need 
for higher temperature alloys in the turbine and rear 
compressor stages of an aero engine. Figure 2 shows a 
number of Nickel alloys being used in gas turbine 
engines and their alloy temperature capability. 
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Figure 2. Nickel alloys used in gas turbine engines 
As all materials are produced from forgings the input 
weight and material cost play a major role alongside the 
design requirements to be met in terms of alloy 
temperature capability. 
Each new material development is done in line with a
significant machining process development program to
achieve in depth understanding of cutting tool solutions
for milling, drilling, turning and broaching processes
being the key process technologies for producing
complex features on rotating and static components of an
aero engine. 
Growth of required production volumes in aerospace
component manufacture in order to meet future customer
demands requires a joint development of manufacturing
capability and capacity as well in the internal as the
external supply chains. Common machining standards
are therefore getting more important in order to achieve
quality requirements set by advanced product designs
and materials. These standards are effecting various
process related areas including process specifications,
method of manufacture, fixturing, machine tools and
supporting areas like coolant supply, shop floor
management, component handling, packaging and
maintenance. 
2. Advanced Nickel Alloys  
The design of modern Gas Turbine Engines is driven
by the key factors specific fuel consumption, cyclic
fatigue life as well as cost and weight. Higher
temperatures in the core engine are key enablers to meet
international emission control regulations and therefore
raise the need for higher temperature alloys in the
turbine and rear compressor stages of an aero engine.
Figure 3 shows a Gas Turbine engine with a High
Pressure Compressor in blade integrated disc (Blisk) 
design. This component design allows a combination of
excellent aerodynamic performance with light weight
design principles even in high temperature applications. 
 
 
Figure 3. Trent XWB High Pressure Compressor (Source Rolls-Royce) 
Economic and robust manufacturing of this type of
components can only be achieved by means of high
performance cutting processes based on a high level of
understanding of specific material properties and needs
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for robust manufacturing solutions. The increasing 
number of parts per year in modern gas turbine engine 
programs requires specific and in depth understanding of 
machining key process variables to ensure a stable 
process performance and reproducible quality when 
machining advanced Ni alloys. The material properties 
based on their specific composition and use in an engine 
need to be taken into account. The following paragraph 
describes specific Ni alloy materials and a view forward 
in order to better understand the requirements for future 
high temperature applications. 
To meet the demand for reduced acquisition and life 
cycle costs in civil aviation, modern gas turbine engines 
are expected to achieve increasingly higher levels of fuel 
economy, reduced NOx emissions and noise, and with 
reduced module weight. These challenges inevitably 
necessitate higher overall pressure ratios, and higher 
compressor discharge and turbine entry temperatures.  
As such, disc rotors in the High Pressure (HP) 
compressor and turbine must accommodate higher 
temperatures and stresses. This places significant 
demands on the high strength nickel alloys that are used 
for these critical components, particularly as loss of 
integrity can threaten the safety of the aircraft and 
passengers. 
In the recent past, the temperature capability of nickel 
alloys have been determined by the alloy yield stress, 
tensile or fracture stress and the resistance to low cycle 
fatigue and creep strain accumulation. These material 
properties are in turn determined by the volume fraction 
and size of strengthening precipitates, either gamma 
prime (g’) in alloys such as Waspaloy, Udimet720Li and 
RR1000 or gamma double prime (g’’) in Inconel718, 
and the grain size of the gamma (g) matrix. In simple 
terms, the larger the number of these precipitates in the 
alloy, and the smaller they are, the higher the yield stress 
and the resistance to creep strain. This results from the 
ability of these precipitates to hinder the movement of 
dislocations in the g matrix. In fact, it is the size of the 
precipitates and their inter-particle spacing which are of 
most importance and are defined by the composition of 
the alloy, i.e. the amount of g’ forming elements present, 
and the rate of cooling or quenching of forged material 
from the solution heat treatment. Forging is a single, or a 
series of, high temperature deformation operations that 
reduces the size or recrystalizes the grain structure in the 
ingot or powder compact. The grain size also contributes 
significantly to the yield stress and resistance to low 
cycle fatigue, or at least the number of stress excursions 
to nucleate fatigue cracks. Again, the smaller the grain 
size, the higher the yield stress and the resistance to 
fatigue crack nucleation. These properties can therefore 
be optimized, as in alloys Udimet 720Li and RR1000 
(Figure 2), by developing a fine grain size, typically less 
than 10 μm, and by quenching in oil or using 
compressed air to maximize cooling rates, and thereby,
minimize the size of g’ precipitates. This approach tends
to produce less appealing crack growth resistance,
particularly at high temperatures under dwell fatigue
conditions. There are other concerns for alloys that have
a high volume fraction of g’. Rapid quenching in oil
from solution treatment can produce significant internal
residual stresses in these high strength alloys as a result
of thermal gradients in forgings due to differences in
section size. These can give rise to distortion during
machining, which increases the time and cost for
component manufacture. Residual stresses can be
minimized by advanced quenching systems or can be
relieved by heat treatment. However, the latter inevitably
involves high temperature stabilization heat treatments at
temperatures that are higher than the optimized ageing
temperature and coarsen the very small (< 50 nm) g’
particles, which are important to high temperature yield
stress and resistance to creep strain accumulation. 
Recrystalizes ingot or billet for alloy Udimet 720Li is
produced via the cast and wrought route, i.e. triple
melted ingot undergoes a series of forging, re-heat,
drawing, re-heat and radial forging operations
[reference]. Considerable process expertise has been
developed to produce billet in this alloy at the required
diameters and to the required grain size, cleanliness
(occurrence of carbo-nitride melt anomalies) and ultra-
sonic inspection standards for large scale forgings that
are used in Trent and BR7XX engines. Alloy Udimet
720Li is considered to represent an upper ceiling for cast
and wrought capability as ingot melting and conversion
are particularly difficult in this high (45%) g’ volume
fraction alloy. For increasingly complex, higher g’
volume fraction alloys, such as RR1000, powder
metallurgy processes are being used to minimize the risk
of elemental segregation and unacceptable levels of
carbo-nitride type melt anomalies. However, the use of
powder processing tends to increase the price of billet
material above the level for cast and wrought 720Li, and
requires specific methods for probabilistic design/lifing
to ensure that fatigue cracks do not initiate from non-
metallic inclusions, and presents particular challenges in
terms of machining technology. 
It is well documented that the presence of non-
metallic inclusions, which are picked up during powder
processing (melting and pouring of molten metal), can
severely limit the fatigue performance of the alloy. Over
the last two decades, the cleanliness of argon gas
atomized powder has improved considerably through the
elimination of organic seals and the use of progressively
finer sieve sizes to screen out non-metallic inclusions.
This has been made affordable by the development of
argon gas atomization nozzles for high yield powder
production [reference]. RR1000 powder is produced
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using these nozzles and is screened to a final sieve size 
of -270 mesh (53 μm). 
It has been stated above that disc rotors in the HP 
compressor and turbine now operate at higher 
compressor outlet temperatures and faster shaft speeds.  
In addition, commercial airlines increasingly require 
large aircraft to move to higher altitudes and away from 
busy air spaces around airports more quickly to 
minimize fuel consumption. This means that the time the 
engines must spend at maximum power is significantly 
increased. These operating conditions give rise to fatigue 
cycles with long dwell periods at elevated temperatures, 
in which oxidation and time dependent deformation 
significantly influence the resistance to low cycle 
fatigue. As a result, the resistance to dwell fatigue crack 
growth now is the property that defines the temperature 
capability of nickel alloys over those listed previously. 
The resistance to dwell crack growth in nickel disc 
alloys is determined by grain size, grain boundary 
phases, i.e. carbides, borides and oxides, the rate of grain 
boundary oxidation, and the size and volume fraction of 
g’ particles. It can be optimized by developing an 
average grain size of 30-50 μm, by quenching at 
moderate cooling rates and coarsening the very small g’ 
particles. Therefore, Rolls-Royce has developed a coarse 
grain or dual microstructure variant of RR1000. In the 
former, the entire forging receives a solution heat 
treatment at a temperature in which the g’ grains are 
grown in a controlled manner. This is only possible in 
alloys produced by powder metallurgy, as these have a 
fine dispersion of oxides and carbides at the prior 
powder particle boundaries, which pin grain boundaries 
and prevent excessive grain growth during heat 
treatment. Dual microstructure forgings can be produced 
by solution heat treating the rim of the forging in a 
conventional furnace at a temperature and time, which 
are defined by process modeling to grow the grains to a 
required size, whereas the other parts of the forging are 
insulated from the high temperature using refractory 
caps. Details of this process can be found elsewhere. 
This process and the use of compressed air cooling 
enable the properties of the alloy to be optimized at all 
locations, i.e. the bore and cob of the disc show an 
average grain size of < 10 μm that provides optimized 
yield stress and low cycle fatigue resistance, while the 
rim and diaphragm show an average grain size of 30-50 
μm that provides optimized resistance to dwell crack 
growth and creep strain accumulation.  
Rolls-Royce is also developing the g’ strengthened 
alloy Allvac 718PLUS* for use in HP disc rotors at 
temperatures that are considered to be too high for alloy 
718 and currently require the application of alloy Udimet 
720Li. Allvac 718PLUS* is appealing as it offers 
significant cost savings over Udimet 720Li in terms of 
billet, forging, component machining and welding. The 
forging and heat treatment of the alloy are critical in
achieving a microstructure that shows the required
resistance to dwell crack growth.  
Future nickel alloys are likely to need improved
resistance to dwell crack growth, environmental damage
(hot corrosion and oxidation) and creep strain, as well as
higher levels of microstructure stability and high
temperature yield stress, without significant increases in
density and cost. This will inevitably require a higher
volume fraction of g’, but not necessarily higher levels
of hardness.  
Controlled machining processes and manufacturing
methods of these alloys become increasingly important
factors to protect the improved material capabilities and
to gain the described cost saving opportunities. 
3. Method of Manufacture - Machining 
The advanced Ni alloys described above belong to the
difficult to machine materials and thus need special
attention in order to achieve efficient and economic
machining results. As forged geometries are used in
order to achieve the required material properties for
highly stressed components (Figure 4) generally large
volumes of material have to be machined until
components with minimum weight and appropriate
stress distributions finally are available. This is done
partly alongside the forging and heat treatment route to
produce a 2D component shape able to be ultrasonic
inspected and partly in the machining sequence to
produce the final shape including all detail features such
as holes, slots, scallops and tangs. 
More light weight designs leading to smaller wall
thickness on finished parts with increasing sensitivity to
distortion during machining as well as more complex
feature shapes require a more integral approach in
machining to ensure efficient high performance
processes. Efficient cutting processes need to be placed
on a specially suited manufacturing platform enabling
consistent and high quality machining results in terms of
component geometries, surface and subsurface
conditions. Today modern NC controlled machining
technologies have reached a significant level of
integration of various machine tool functions such as
milling, drilling and turning operations, on machine
probing, improved coolant applications and increased
static, dynamic and thermal stability or compensation.
These are subsequently used to reduce operator
involvement in component or tool handling as well as
gauging or measurement operations. These capabilities
can also be used to improve the overall productivity of
the machining operation in addition to advanced cutting
process performance using today’s modern machining
systems. 
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Figure 4. Forged Ni disc shape (green), Ultrasonic shape (purple) and 
finished contour (red) of a turbine disc 
A number of technology strands have to be worked 
simultaneously to gain benefits from the latest 
enhancements in machining technology. These 
enhancements are based on an integral approach on the 
machining process considering not only the cutting 
process itself, but as well other key process elements 
ranging from the selection of the machine tool platform, 
control of key process variables, machining sequence, 
enhanced fixture design methods and in cycle probing. 
3.1. Machine platforms 
Today’s modern machine tool platforms feature a 
number of functions and capabilities which enable 
support of modern integrated machining solutions. This 
is especially valid on highly complex and difficult to 
machine components such as turbine discs, rings and 
casing components with extreme aspect ratios leading to 
a low stiffness and a high level of residual stresses being 
released during the machining sequence.  
A typical conventional machining sequence 
comprising of turning operations for creating the 2D 
shape of a component followed by milling, broaching 
and other machining processes for special features such 
as curvic couplings and fine limit grinding operations 
requires a number of machining set up operations 
including clocking and datum transfers. This often leads 
to difficulties in achieving tight tolerances and to control 
distortion of the part during the fixed machining 
sequence. 
Process integration on modern machine platforms. 
Examples Mill/Turn – Turn/Mill machining centres, as 
shown in Figure 5, generally allows a more flexible set 
up of machining sequences to specific needs on 
component level without creating disruption in material 
flow. Machining strategies which allow early stress 
relief in certain areas of the machined part in order to 
compensate for high levels of distortion when removing 
large volumes and subsequently change the residual 
stress balance while machining, allows planning for less 
operations. At the same time it opens potential to 
improve component quality due to less 
clamping/unclamping and clocking activities and
associated tolerance stack up. 
 
Mill – Turn platform Turn - Mill platform
Source: Hermle Source: Monforts
 
Figure 5. Mill – Turn and Turn – Mill machine platforms 
Various elements which are contributing to the
performance, behaviour and control of high performance
machining processes are now combined in order to
achieve a balance between high speed and high
performance machining processes and their flawless
integration into a controlled machining of process chain
as shown in Figure 6. The process sequences show a
conventional process chain, which consists of a number
of serial machining operations. A conventional method
of manufacture features a strict separation of rough and
finish turning and mill/drill operations due to the use of
different machine types. Regular inspection either by
gauging or intermediate CMM inspection are often used
to verify the geometric compliance of the component as
well as to verify the expected movement by released
residual stresses. Conventional fixturing techniques are
often used but often only allow limited access of tools to
a number of features to be machined as clamping and
additional stiffening elements may constrain the access
of tools to certain features. Modern machining platforms
in line with enhanced fixturing solutions therefore take
benefit from the increased flexibility to combine turning,
milling and drilling processes and to be more flexible in
the sequence of operations without increasing the
number of clamping positions. A fixed sequence of
machine types aligned to the machining sequence of a
number of components is no longer fixed to enable a
smooth material flow in production. The optimized
sequence shows an optimum example, where only one
set up per component side is required to rough and finish
machine all features in a single component set up. 
A number of enabling technologies are required to
achieve full benefit of this improvement. Figure 7 shows
the key elements of this High Performance
Manufacturing approach. This is based not only on latest
cutting technologies, but even more on a combination of
technologies and elements allowing an integrated
approach towards highly productive manufacturing of
complex Nickel super alloy parts. 
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Figure 6. Standard and advanced machining process sequence in comparison 
The key enabling technologies shown in Figure 7 are 
contributing to more integrated and automated 
manufacturing taking special benefit from modern 
universal machine tool platforms, modern NC controller 
technologies and supporting modelling techniques to 
achieve robust and reproducible machining processes. 
A balance of roughing and finishing processes is a 
special requirement for modern advanced machining 
platforms. This requires machine structures to cope with 
high mechanical loads from roughing and/or high 
machine dynamics and accuracy levels to cope with high 
speed and modern machining processes such as circular 
milling and high speed finish turning processes with 
ceramic or CBN cutting inserts being applied [5,12]. 
One reason for this is the high buy to fly ratio on critical 
high temperature super alloy components due to their 
material properties in line with their geometries being 
produced and therefore to cope with process 
3.2. Process dynamics 
Machining aerospace alloys often involves process 
limits not to be set by tool and machine restrictions but 
by work piece vibrations, coming from a dynamic 
excitation of thin walled structures. Since thin-walled 
work pieces show lower stiffness than solid bodies, there 
are process-related static displacements and dynamic 
vibrations of the work piece during the milling process 
which currently limits the efficiency of milling. For 
example, form errors of the work piece and resonance 
vibrations with large amplitudes lead to poor surface 
quality and significant tool and work piece loads. In 
extreme cases resonance vibrations destroy the tool or 
the work piece. Particularly thin-walled work pieces
made of hard-to-machine materials cause reduced tool
life, poor process stability and therefore reduced process
performance. 
The natural harmonics of work pieces may reside in
regions of the exciting tooth engagement frequencies,
depending on the lateral thickness and the unsupported
length. In machining processes the modes of the work
piece constantly change providing the occurrence of
sudden instability if the shift hits an excitation
frequency. On the other side it is possible to take
advantage of local stabilities by tuning the excitation in
adjusting the spindle speed resulting in much enhanced
surface quality, material removal rate and tool life. 
Work piece vibrations also can be reduced by
embedding damping concepts. This can be carried out by
the design of highly damped fixtures, or by using highly
dampening tool geometries providing friction based
damping. Another approach is the minimization of
excitation using multi tooth tools with large helix angels
in the proper axial engagement so that the total amount
of engagement does not alternate with the tool rotation
and the absolute magnitude of process forces remains
constant. Being in constant engagement the tool and the
to be machined thin structure are constantly coupled so
the modal characteristics of the work pieces are heavily
modified, so machining even directly within free
vibration modes may be possible. 
In summary high performance and quality
enhancements are given by taking in account the work
piece dynamics, especially when machining thin walled
structures and advanced aerospace alloys. 
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Figure 7.  Engineering elements of High Performance Manufacture 
3.3. Process control 
All finish machining operations of rotating 
components require a high level of process control in 
order to achieve defined surface and subsurface material 
properties. This is required to gain optimum cyclic 
component lifing conditions. Process monitoring 
systems and their flawless integration into production 
processes are seen as future basics in process and 
component integrity control. This includes force 
measurements, coolant flow and pressure control as well 
as understanding of static and dynamic process 
behaviors and their effect on tool life, surface condition 
and residual stresses created by the machining processes 
themselves [7]. 
In depth understanding and control of processes 
applied is required in order to ensure reproducibility, 
robustness and sufficient level of process control for 
future machining processes on high volume production 
of aero engine components. Starting from machine tool 
elements such as tap testing of spindle and tool systems, 
modeling and simulation of chip forming processes and 
experimental testing by means of novel test bench 
technologies as described by Klocke et al [5] are 
contributing directly to these objectives. Machine 
availability levels of above 95% are seen as standard 
requirements in tomorrow’s engine component 
production sites. In order to achieve these levels 
enhanced monitoring and maintenance concepts are 
required to ensure robust process conditions in highly 
productive manufacturing. 
Enhancement of control level in tooling definitions
based on theoretical process analyses, microscopic
process analyses, and trial results from test bench and
pilot component testing [5] enhance the level of process
understanding fed into NC programming and tool quality
definition standards. Based on more in depth
understanding of key process variables contributing to
tool wear, tool failure and process performance such as
cutting edge preparation, tool geometry, tool holder
design including through tool coolant application, these
requirements are fed into today’s production standard
definitions.  
Production machines are more and more equipped
with monitoring equipment to allow early identification
of abnormal process conditions such as lack of coolant
(coolant pressure and flow monitoring) or abnormal tool
wear (feed force or torque  monitoring).  
Machine tool measurement, axis alignment and
temperature control are further important elements to
support complex features machining such as tight
tolerance features with typical tolerances of a few μm.
Complex 3D geometries in free form such as aerofoil
surfaces have to be done machined with minimum
variation in tool life, tool wear behaviour and
understanding of surface quality variations. Analysis of
the influence of process parameters on the creation of
white layers, deformed subsurface materials and residual
stresses and their acknowledgement in the production
processes are contributors to achieve the required quality
standards. 
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3.4. Cutting processes 
The cutting process itself is in the focus of major 
R&T activities [5,8]. These activities are challenged by 
high material prices as well as limited standardisation of 
materials. Process developments are therefore often 
performed on standard materials, which do not 
necessarily reflect the latest specifications being used 
but have considerably better availability and, after many 
years of research in this field, a global range of 
applications and knowledge. Easy availability and 
common design and make standards at different OEMs 
and in the wider supply chains makes these materials 
widely accepted for research activities as they form a 
common baseline across a number of OEMs. These 
materials typically are Inconel718 and Ti64. 
Advanced alloys being used in modern aero engines 
with turbine entry temperatures > 1000°C such as 
powder metal Ni-alloys RR1000 and dual microstructure 
alloys are more often specifically developed and used by 
single OEMs and specifications of these materials are 
slightly differing from each other. This leads to material 
specific specifications of insert types and cutting 
parameters which have to be chosen in order to achieve 
economic tool lives as well as proper surface conditions. 
Requirements to be met on Powder Metal Ni alloys 
are typically much tighter than on standard alloys such 
as Inconel718. Typically these are: 
 
• Surface roughness < 0.8 μm 
• No white, amorphous or recast layer 
• No redeposited material or layer 
• No non parent material 
• Strain < 0.01 mm 
 
Residual stress may be limited where surface residual 
stresses could hazard component life. 
To achieve these requirements in completion cutting 
processes have to be analyzed, controlled and set up 
using adequate cutting parameters, cutting strategies and 
tool geometries. Klocke [5] shows examples of 
macroscopic process analysis in 5 axis machining as 
well as methods of microscopic process analysis to 
support analysis of the chip creation process and its key 
process variables. A specially developed test bench 
(Figure 8) is used which allows force measurements, 
visualization and analysis of cutting edge loads and 
dependencies from cutting parameters using high 
velocity camera and light microscopic pictures. 
 
 
Figure 8. Analogy test bench set up and example of low and high chip 
curve serration [5] 
The selection of final cutting parameters being used
in aero engine production is mainly driven by the
requirements given by the work material and its
machinability. In addition to these a number of
requirements are set for the surface quality and sub-
surface conditions to be achieved. Limitations to cutting
speeds, depth of cut and feed rate are therefore always
selected under consideration of all contributing factors
such as the machine tool, component shape and stiffness,
clamping set up and cutting tool design. 
In rough machining the key parameters related to
achieving maximum cutting performance are a balance
of cutting forces being generated by the cutting tool
geometry and the dynamic requirements set by the
machining parameters applied. In turning processes the
machining cutting forces are often limited by the
component stiffness, process related tool deflection and
the risk of self-induced vibrations often caused by the
component shape and limited capability to fully
constrain the part during machining. Modern cutting
materials such as whisker reinforced ceramics allow
cutting speeds of greater than 200 m/min when
machining Ni based alloys. In some cases cutting speeds
of up to 600 m/min have been achieved using advanced
coated insert types. The roughing cutting speed is
selected following a set of criteria, which finally is a
balance between the number of tools required to fully
machine a certain feature, the volume to be machined
and the wear condition being achieved. Generally notch
wear must be avoided in order to prevent severe cutting
edge chipping and unfavorable surface conditions and
high levels of residual stresses being induced by the
rough machining process. When using whisker ceramic
tools increased cutting speeds and reduced chip
thickness can be used to reduce the risk of cutting edge
chipping. 
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As on most aero engine components the geometry 
requires a large number of different tool holders in order 
to access under rim and flange features the overall 
machining time is distributed on a large number of 
inserts. Therefore a key objective in optimization is a 
balance between utilization of the possible tool life per 
cutting edge with the lowest number of inserts per 
operation. Reduced cutting speeds may therefore be 
used, if this allows preventing an additional tool change 
with more work content for tool setting, probing and 
other non-productive time contents. 
Finish turning of modern Ni alloys requires high 
standards of cutting tool materials as advanced alloys 
raise high demands on tool wear resistance, which often 
limits cutting speeds to lower limits. Modern multi-layer 
CVD coatings being used on ultra-fine grade carbide 
inserts show significant improvement potential 
compared to uncoated carbide inserts. Using this 
advanced coated inserts cutting speeds were able to be 
doubled compared to uncoated inserts, which leads to a 
significant improvement in productivity and reduction in 
machining times. 
Advanced PCBN inserts allow even higher cutting 
speeds on some Ni alloys. Cutting speeds of up to 300 
m/min can be achieved. The benefit of these tools are 
generally seen in a stable and predictable tool wear, long 
spiral cutting length and significantly shorter cutting 
times compared to carbide tools. This often allows 
reduction of the number of insert being used to finish off 
a full face of a component without tool change and 
associated mismatches to be tightly controlled. Besides 
the cutting performance the number of different tools to 
be used are equal machining performance factors. An 
increased number of tools leads to increased effort of 
tool set up, probing and tool alignment which again 
increases non-productive process times. The number of 
tools, the integration of their cutting actions within a 
single component set up and tight control of all key 
process variables therefore are important factors to 
achieve reproducible and cost effective cutting solutions 
nowadays. 
Milling processes are used on aero engine 
components to create a number of functional features, 
such as tangs, hooks and scallops, which are used as 
component interface or to modify stress distribution and 
to reduce component weight. Even more complex 3D 
shapes and features, for example 3D aero foil shapes 
being machined from solid on advanced blisk 
compressor components in modern aero engines can be 
seen as standard features in modern aero engines. These 
new component designs allow to gain significant weight 
reduction potentials due to an integrated component 
design, which leads to manufacturing of components 
with significantly higher values and sensitivity in 
handling as well. This is due to the fact that the aero 
foils are now produced as an integral part of the rotating
component and therefore combine the critical disc
component with the thin walled aero foil shapes attached
to it. These aero foil shapes are often sensitive to
vibration which again leads to more challenging
requirements to the milling process itself in order to
avoid chatter and to fulfill feature specific requirements
such as high cycle fatigue properties. A balance between
machining time, cutting tool costs and geometrical
accuracy to be achieved is therefore considered to
identify the best machining process solution for a given
component type, design, size and material.  
Starting from a large material volume in the rim area
of the disc three different machining strategies are
generally used to achieve maximum stock removal rates
in rough milling and by that a cost effective machining
process solution to remove the material between the aero
foils [13]. 
One of them is the rough machining using standard
slot milling techniques. The process typically uses
multiple tools of different tool lengths to achieve highest
possible stiffness and cutting depth being machining in a
single cut. The first cut typically is a full width cut with
cutting depth up to approximately 1 L/D. High total
cutting force levels and bending forces have to be
supported by the machine set up, the cutting tool and
appropriate tool holder design. 
The second strategy is the trochoidal milling process
which allows to create slots of up to 2 L/D in a single
cut. This method requires complex programming
techniques and high dynamic machine movements. Its
benefit compared to conventional slot milling is lower
cutting forces, specific control of cutting edge load and
thermal control of the milling process. Machine tool
dynamic performance is seen as a main contributor to
enable high speed trochoidal milling processes. 
The third milling strategy offering high stock removal
rates is plunge milling, which features mainly axial tool
loads. When machining Ni alloys this process shows an
increased risk of damaging the machine tool in case of
tool failure if these events are not detected by means of
process monitoring systems to allow automatic process
stops. 
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Figure 9. Comparison of conventional slot milling, trochoidal slot 
milling and plunge milling [13] 
All processes have in common to maximize the stock 
removal rate with a minimum of cutting tool costs per 
part. Both elements are considered when using cost 
modeling techniques in order to allow identification of 
the best machining process solutions to be selected for a 
specific component feature and material. 
As all three processes have different demands on the 
machine tool driven by the level of cutting force and its 
direction as well as dynamic performance the machining  
strategy is selected in order to achieve least machining 
times, tool cost per part and process risk in case of tool 
failure and component or machine damage associated 
with it. 
Modern aero engines do not only have Ti blisks, but 
as well Ni alloy blisks used in the back end of a modern 
compressors. Higher cutting forces and shorter tool lives 
in milling these materials, compared to Titanium blisks, 
require even more detailed assessment of stable process 
parameter windows to achieve a robust and cost 
effective machining process. 
3.5. Cutting tool wear assessment 
Further work is therefore done in the field of detailed 
analysis of tool wear in 5 axis milling, as flank wear and 
chipping of cutting edges cannot be easily used to 
quantify tool wear as a statistically valid value when 
following the ISO 3685 standard (Figure 10). Wear 
assessment is often known to be subject of interpretation 
when performed on worn cutting tools showing a 
combination of wear characteristics. Abele et al [3] 
published a method to assess tool wear in a statistically 
relevant way to be used for statistical planned 
experiments and thus to allow a systematic capturing of 
tool wear in 5 axis milling processes. 5 axis milling 
processes often involve not only the tool flank or tip, but 
often a combination of flank and radius alongside the 
flank of solid carbide cutting tools. Therefore standard 
wear assessment methods typically do not reflect the tool 
failure criteria with sufficient accuracy. 
 
 
 
Figure 10. Tool wear assessment to ISO 3685 
In order to include all tool failure criteria such as
flank wear, crater depth and notching in an appropriate
way an alternative more representative value has been
introduced to capture different tool failure characteristics
appropriately in a weighted manner. Wear measurement
is therefore done in a number of points alongside the
cutting edge. Figure 11 shows typical measurement
positions including tool wear criteria in Inco718 rough
milling. All values are related to the original cutting
edge shape, which is represented by the yellow line. 
 
 
 
Figure 11. Tool wear assessment positions 1-10 
The new wear value allows using statistical
experiments to create a parameter space considering the
key process variables cutting speed, axial depth of cut
and feed rate per tooth and to estimate tool wear
behavior depending on any combination of these
parameters (Figure 12). 
 
 
Figure 12. Estimation of tool wear behavior using the statistical wear 
value Vstat in rough slot milling of Inco718 based on cutting speed vc 
(x-axis), axial feed ap (y-axis) and feed rate vf (z-axis) 
The model based on the wear value Vstat shows
parameter combinations of good tool wear according to
the enhanced criteria and others with less appropriate
wear conditions as shown in the pictures. 
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In summary this method allows to improve the 
selection of process parameters related to complex 
process results like wear pattern or combinations of 
different wear characteristics, which determine the end 
of tool life condition as well as important criteria of 
regrind ability for expensive cutting tools being used for 
high temperature materials machining. 
3.6. Cost modeling 
Cost modeling methods are important to allow 
comparison of cutting technologies, machining strategies 
and specific cutting tool solutions in order to understand 
key cost drivers, cost improvement potentials and real 
benefits to be achieved by machining process or cutting 
tool changes. Process changes on aero engine 
components often require a large amount of process 
validation starting from tool life approval, material cut 
ups to proof conformance with material and process 
specifications e.g. subsurface deformation levels up to 
low cycle and high cycle fatigue testing on component 
level. Relatively small process improvements often do 
not rectify the validation required for implementation of 
these changes. When assessing different process options 
Cost modeling using standardized cost modeling 
methods and tools can be used to better understand 
specific cost driving elements and key variables for 
process cost. This includes all process related elements 
such as 
 
• Approved cutting parameters 
• Tool life 
• Tool regrinding capability and cost associated with 
tool wear limits 
• Machining cost rate per hour 
 
The output of these cost modeling methods is a 
neutral material related machining cost for roughing 
processes as well as for finishing processes. These shall 
be normalized to basic values such as cost/kg material 
removed and stock removal rate to allow comparison of 
machining solutions, which are not necessarily in the 
same process group or cutting technology, in order to 
enable read across of effective machining solutions from 
one component or feature to another. Cost studies being 
done on this basis allow to identify true cost benefits of 
alternative machining solutions on a cost/kg basis 
including availability of stock removal rate data in order 
to evaluate the productivity of a process option. 
Cutting tool and process standardization by material 
and features is required to clearly focus process 
development opportunities and to allow efficient roll out 
across a number of applications. 
Cost modeling allows as well identification of key 
process variables and to identify cost relevant 
improvement potentials as selection of a specific cutting
tool solution. Advanced cutting tool solutions in turning
and milling are often developed in order to achieve
higher cutting speeds and to reduce machining time. In
aero engine component manufacture machining time
improvement is not always the right instrument to
improve productivity and production costs, as cutting
times are often high but still only a part of the overall
machining time. Improvements in cutting performance
therefore often cannot be fully turned into productivity
and cost benefits but may significantly increase the tool
cost per part or even the need for increased inspection
when tool life and cutting length cannot be maintained at
an appropriate level. However improved tool life by
using optimized cutting parameters for appropriate tool
life may turn into improvements in process control and
reduced inspection which may lead to shorter machining
times over all. Therefore these elements have to be
considered in conjunction in order to identify a least cost
process option in machining. 
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Figure 13. Example of cost model results when comparing cost/kg for 
different finish turning options on Inconel 718 material 
The example shown in figure 13 shows different
finish turning technologies and their ratings in cost/kg
material removed and stock removal rate achieved. As
relatively low cost inserts such as coated carbides can
only be used at relatively low cutting speeds, machining
times play a vital role in the overall cost effectiveness of
the process. More expensive cutting tools such as CBN
inserts significantly improve the stock removal rate and
in terms of cost per kg can compete with advanced
coated carbides, but significantly reduce the finish
machining time. In cases, where even higher cutting
speeds can be used, ceramic inserts show potential to
further increase cutting speeds, but due to sensitivity to
cutting edge shear stress conditions and its protection by
edge preparation and often unfavorable cutting edge
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geometries, these tools are not often used for finish 
machining of critical parts. However applications on 
large casings produced from high temperature Ni alloys 
has proven to be cost efficient, which is proven by the 
lowest cost/kg rate achieved. 
Looking into the future with higher cutting speeds 
these modeling techniques highlight a decreasing benefit 
from higher cutting speeds, but as advanced cutting tools 
become more expensive their specific cutting edge costs 
and other factors such as number of usable cutting edges 
per insert and multiple regrindability become more 
important.  
Least cost process solutions have to be integrated into 
appropriate machining sequences in order to achieve the 
quality requirements. This element has become a main 
point of interest in the recent years in order to enable 
efficient process chains and optimized material flow 
throughout the entire machining sequence. 
3.7. Machining sequence 
The sequence of machining processes mainly depends 
on the input conditions given by the forging geometry 
and its forging process being used to produce a specific 
component. As this geometry is related to material 
properties and the micro structure of the material itself, 
an in depth understanding of material properties with 
regard to hardness, grain structure and residual stress 
levels is needed to allow validation of the material 
properties given by the forging process and heat 
treatment sequence. Finite Element Modelling methods 
are used to create the input conditions for machining 
which then allow a subsequent continuation through the 
entire machining sequence 
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Figure 14. Roughing strategy comparison [4] 
Based on this a model based planning allows an 
assessment of the method of manufacture when 
removing material in a specific sequence and of 
machining strategies in order to achieve the required 
geometrical tolerances. Urresti et al [4] have shown 
strong correlations between rough machining predictions 
and experimental displacement measurements. When
using modeling of disc distortion in machining a
prediction of component deflection caused by the
material removal in each machining step can be analysed
in order to identify machining sequences with the least
distortion and to identify areas of high distortion
potential in order to allow specific residual relief cuts
early in the machining sequence. This supports early
relaxation and less distortion in finish machining
processes. 
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Figure 15. Corrected rim displacement and corrected error per 
operation [4] 
An example is shown in Figure 14 on a disc being
rough machined in 2 different cutting sequences
following one after the other. For both turning processes
the resulting distortion and required offset is being
calculated to achieve the desired geometry. Figure 15
shows, that when the machining of the left component
side is done from the rim to the bore area, the component
will allow to deflect freely during machining with the
largest deflection potential in the latter part of the
turning operation. This leads to significantly less
required compensation of the cutting pass to achieve the
desired disc profile shape. The output of this modelling
process can be used to enable process sequences and
cutting directions to minimize the variation in the turned
profile geometry in roughing and finishing operations as
well with a positive effect on geometric compliance of
aero engine components made from forged material. 
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Figure 16 shows another example of residual stress 
simulation with calculated axial and radial displacement 
of the component during its entire machining sequence. 
Starting from the residual stress data (top left) the 
removal of material leads to calculated deflections 
(bottom left). The graph on the bottom right shows the 
calculated movement of a specific point in axial and 
radial direction when machining individual features in 
sequential order. Taking into account the clamping 
position. this calculated movement can be used to 
compensate distortion in machining passes to achieve 
improved geometric accuracy and to reduce the overall 
number of operations. Baseline of this simulation 
method is the calculation of residual stresses within the 
condition of supply forging geometry. 
3.8. Work holding and fixtures 
Urresti et al [4] describes the modeling and validation 
of surface displacements during a sequence of 
machining operations. Conventional work holding and 
fixturing concepts often creates constrained clamping 
conditions when residual stresses are released during a 
machining processes. This can often be used to better 
control part geometry and accuracy of profiles being 
machined. Unclamping of the components then creates 
distortion the component leading to additional process
set ups and machining processes. Large diameter
components with a relatively low web thickness can be
kept in constrained condition during machining using
rim and bore clamping to create a robust machining
condition which is less sensitive to component vibration
during machining. However advanced nickel super alloy
components such as high pressure turbine discs with a
much higher stability and web thickness cannot be
machined using this clamping method. Forces being
applied to the fixture by released residual stresses are far
too high to be held back by any clamping device. High
pressure turbine discs, as analyzed in [4] are therefore
clamped in a different way, to allow sufficient
movement of the part during machining (Figure 17). The
components are either held by clamping the bore, rim or
flange of the component. The stresses released during
machining create movement of the part, mainly in axial,
but as well in radial direction. This has to be considered
when designing a fixture which may use expandable
elements to hold the part and requires FE methods to
predict the amount of component distortion, shrinkage
and the resulting change in the clamping condition
during machining. 
 
 
 
Figure 16. Example of calculated residual stresses and predicted axial displacement during a machining sequence 
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Advanced fixturing solutions can deliver significant 
support by ensuring more reproducible clamping 
conditions, distortion control by probing and application 
of cutting passes using the results from distortion 
modeling to ensure least distortion during machining. 
The requirements to be met by modern fixtures in 
machining advanced nickel super alloy components can 
be summarized as: 
 
• Reproducible positioning and orientation 
• Clamping of work piece reproducible forces to 
achieve controlled or minimum distortion during the 
entire machining process 
• Static and dynamic support for application of cutting 
forces from continuous and discontinuous machining 
processes 
• Protection from damage in set up processes  
• Quick interchangeability to enable reduced set up 
times 
• Swarf and coolant evacuation 
• Probing references 
 
This shows that fixtures have to cope with a number 
of sometimes conflicting requirements and are more and 
more seen as a key element in modern machining 
solutions of aero engine parts. Advanced fixturing 
solutions are therefore developed in order to support 
these requirements in completion. The example shown in 
figure 17 shows a fixture for holding a turbine disc 
forging for machining. It clamps in the bore rather the 
rim area of the disc and allows tool accessibility of disc 
surfaces on both sides of the disc. Concepts like this 
support an improved planning of internal stress relief by 
a more flexible machining sequence for different 
features of the part. Modelling of clamping forces, force 
related stress of the components, understanding of 
vibration modes and frequencies, additional clamping 
forces induced by stress relief during machining are 
elements to be modelled and understood to enable 
utilisation of advanced fixturing solutions for high 
performance production of advanced Ni alloy 
components. 
 
 
Figure 17. Advanced fixture for holding a high pressure turbine disc 
during rough and finish machining 
The fixture shown in figure 17 is using hydraulic 
radial clamping and reference planes in the lower 
component flange area. It allows access to both sides of 
the part and therefore can take advantage of modern 
machine tool axis configurations. In this case radial 
collapsing of the part during machining is taken into 
account by a sufficient radial expansion of the hydraulic 
expander when designing the fixture. Sufficient control 
of clamping force and load to avoid malfunction or 
overload of the fixture and to prevent high stress 
conditions in the component can be ensured by pressure 
control systems, which are a great advantage in 
comparison with conventional fixtures using numerous 
screw mounted and torque tightened clamps. 
4. Conclusions and Outlook 
Advanced Ni alloy materials for current and future 
aero engine applications are developed in order to fulfill 
raising demands on dwell crack growth, environmental 
damage (hot corrosion and oxidation) and creep strain, 
as well as higher levels of microstructure stability and 
high temperature yield stress, without significant 
increases in density and cost. New alloys such as Allvac 
718+* and dual microstructure variant RR1000 to 
achieve application specific requirements need 
optimized machining process solutions in order to gain 
full benefit of the enhanced material properties as well 
as the cost improvement potentials given by improved 
material costs. 
The machining of these advanced aerospace alloys 
sets a number of challenges in order to understand all 
relevant process variables and to develop machining 
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process solutions adequate to achieve robust and cost 
effective machining under volume production 
conditions. A holistic approach is therefore required in 
order to define and understand material specific quality 
requirements and restrictions as well as to identify major 
improvement potentials and the right approach towards 
modern working and machining practices. This includes 
a number of key elements to be assessed such as 
selection of machine platform, its ability to enable high 
performance cutting processes, integrated clamping and 
fixturing solutions, sequence of cutting and finally 
selection of state of the art and best fit cutting tool 
technology and parameters. 
Advanced aerospace alloys such as forged Ni 
materials and forged powder metal alloys require large 
volumes to be machined efficiently. These large volumes 
are given by the production route of the raw material and 
therefore cannot be easily changed towards near net 
shape production techniques. However some 
developments such as components made by powder HIP 
processes are seen to allow near net - or net shape 
components to be produced, which will reduce the 
amount of rough machining but as well require an 
integral view on the machining sequence in line with 
geometrical distortion prediction and dimensional 
control of the components geometry during the entire 
production sequence.  
In general each new alloy requires significant 
development of robust cutting solutions for turning, 
drilling, milling and feature specific processes such as 
broaching in order to develop highly efficient cutting 
techniques, appropriate control of surface and subsurface 
properties and to validate component life by component 
and specimen testing as well as lab assessments by 
assessing material cut ups. 
The trend towards high performance processes and 
integrated machine tool platforms leads to an increasing 
need of defining cutting tool details such as edge 
rounding, choice of tool material grade, coating process 
and change control of tool related key process variables. 
In details assessment of tool wear as well as reduction of 
performance and quality relevant variables in the tool 
supply chain are key elements towards enhanced process 
control and monitoring.  
Advanced machining processes therefore play a 
major role in Rolls-Royce’s future manufacture of aero 
engine components. Taking advantage of today’s 
modern machine tool platforms the integration of mill, 
drill and turn processes, enhanced process control by on 
machine probing, process monitoring and improved 
control of machine tool, cutting tool, fixture and media 
conditions in order to ensure high productive machining 
solutions requires a number of specific process elements 
to be considered in sufficient detail. These often have 
been part of manual intervention in machining processes 
in the past such as tool setting, dimensional over checks,
swarf removal and manual clamping. Reduction of down
time, improved swarf control and more automated
control of set up positions, clamping sequence and
clamping accuracy, tool quality and component
distortion build the framework for more robust and
productive process solutions to cover production
demands of future increased engine program volumes. A
clear trend towards increasing automation of these
machining functions and process steps can be identified
in order to support increased process control,
productivity by less manual intervention and integration
of different processes within single machining
operations. This in the long term will lead to reduced
dependency on human factors, less variation and higher
process stability in future aero engine manufacturing. 
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